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Edited by Felix WielandAbstract The yeast integral plasma membrane protein Ist2 be-
longs to a group of membrane proteins which are synthesized
from localized mRNAs. The protein reaches the plasma mem-
brane via the ER on a route operating independently of the
classical secretory pathway. We have identiﬁed a complex pep-
tide-sorting signal located at the extreme C-terminus. This sort-
ing signal operates independently of targeting information in
IST2 mRNA and sorting to the plasma membrane does not re-
quire She-mediated mRNA transport into daughter cells. Based
on these results, we suggest a posttranslational mechanism,
which leads to the concentration of Ist2 – via multimerization
– at ER sites, followed by direct transport to the plasma mem-
brane. This novel mechanism operates downstream of IST2
mRNA localization.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Like in many cell types, mRNAs are transported in the uni-
cellular organism the yeast Saccharomyces cerevisae [1,2]. The
transport of ASH1 mRNA particles in yeast occurs together
with the transport of tubular ER structures from mother into
daughter cells [3]. ER tubules connect the perinuclear with the
cortical ER, which forms a network underneath the cell sur-
face. Apart from ASH1, at least 23 other mRNAs are trans-
ported to the bud [4]. This transport involves ﬁve She
proteins (She1–5), the actin cytoskeleton (summarized by
[2]), and the function of the secretory (Sec) pathway [5,6]. Thir-
teen out of the 24 bud-localized mRNAs encode secreted and
membrane proteins of diverse functions [2,4]. However, the
physiological signiﬁcance of the transport of these mRNAs
remains elusive.Abbreviations: Sec, secretory; TMD, transmembrane domain; aa,
amino acids; UTR, untranslated region
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doi:10.1016/j.febslet.2006.12.048In previous studies, we investigated the traﬃcking of the
integral plasma membrane protein Ist2, which is encoded by
a bud-localized mRNA. GFP-tagged Ist2 shows a characteris-
tic patch-like distribution within the yeast plasma membrane
and these patches are in vicinity of the underlying cortical
ER [7]. Newly synthesized Ist2 enters the ER and is subse-
quently transported by a hitherto unknown mechanism to
the plasma membrane [8]. As we showed, this traﬃcking is
independent of the function of the Sec-pathway, identifying
Ist2 as the ﬁrst known integral membrane protein that utilizes
this novel route [7,8]. Sec-independent sorting to the plasma
membrane requires one or multiple transmembrane domains
(TMDs) and the C-terminal domain of Ist2 (355 amino acids
(aa)) [8]. When added to the cytosolic C-terminus of other
membrane proteins, this sequence is suﬃcient to confer
Sec-independent transport to the plasma membrane [8]. The
simplest explanation as to how this pathway functions is a
mechanism based on local translation of IST2 mRNA at spe-
ciﬁc ER domains, followed by a direct transport of the synthe-
sized protein to the plasma membrane. As an alternative to the
local translation model, the traﬃcking of Ist2 could operate by
peptide-signal mediated sorting exclusively. Such a mechanism
would rely on a posttranslational concentration of Ist2 at
speciﬁc ER exit sites. We report here the mapping of the
peptide-signals for Sec-independent transport of Ist2.2. Materials and methods
2.1. Yeast strains and media
The preparation of media and yeast transformation were carried out
as described [8]. The strains sec23-1, CJY3 (ist2D::HIS3MX6 [7]), and
KMY48 (she2D::HIS3MX6, sec23-1) are isogenic derivates of W303
[9]. KMY48 was generated by transforming a PCR-fragment contain-
ing HIS3MX6 with ﬂanking regions of the SHE2 gene into sec23-1.
Integration of HIS3MX6 at the SHE2 locus was conﬁrmed by PCR.
2.2. Construction of plasmids
Detailed information is available in Supplementary material.
2.3. Fluorescence microscopy
Yeast cells expressing constructs under GAL1 control were grown
overnight at 25 C in YEAP medium (1% (w/v) yeast extract, 2% (w/
v) bacto tryptone, 40 mg/l adenine) and 2% (w/v) raﬃnose to an
OD600 between 0.2 and 0.5. For induction 2% galactose (w/v) was
added, the cultures were divided and incubated for 120 min at 25 C
or 37 C. The cells were mounted in medium and examined live, using
a Leica DM IRE2 inverted microscope with a Leica HCX PL APO CS
100·/1.4  0.7 oil immersion objective and the Openlab software
package (Improvision). Images were acquired using a Hamamatsublished by Elsevier B.V. All rights reserved.
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50 (GFP), excitation at 436/20 and emission at 480/40 (CFP), excita-
tion at 510/20 and emission at 560/40 (YFP), excitation at 546/12
and emission at 605/75 (RFP) and processed with Adobe Photoshop.
All experiments were repeated at least three times and representative
images are shown. For the classiﬁcation of localizations, we imaged
at least 300 cells.
2.4. Generation of yeast cell extracts and Western blotting
Equal amounts of cells were incubated in 150 ll 1.85 M NaOH and
7.5% (v/v) b-mercaptoethanol on ice. After 15 min, 150 ll 55% (w/v)
trichloroacetic acid and 1 ml H2O were added and precipitated pro-
teins were recovered after 10 min by centrifugation for 10 min at
18000 · g at 4 C. Proteins were resuspended in HU-buﬀer (8 M urea,
5% (w/v) SDS, 200 mM Tris–HCl, pH 6.8, 1 mM EDTA, 0.05% (w/v)
bromophenol blue, 5% (v/v) b-mercaptoethanol), incubated for 10 min
at 50 C and separated by 7.5% SDS–PAGE followed by Western
blotting using GFP- (1:20000 from D. Go¨rlich), Sec61- (1:7500,
[10]), myc- (1:1000, Sigma M5546) and HA- (1:3000, Berkeley Anti-
body Company) antibodies.2.5. Immunoprecipitation
Membranes (25000 g pellet) from 600 OD600 cells [8] were resus-
pended in cold Buﬀer B (PBS, 1% Triton X-100, 5 mM MgCl2,
1 mM DTT, 1 mM PMSF, complete protease inhibitor mix (Roche)),
centrifugated at 25000 · g, 4 C, 20 min and the supernatant was incu-
bated for 2 h at 4 C with Protein A sepharoseCL-4B (Amersham
Biosciences) and 10 lg anti-myc antibodies (puriﬁed from 9E10
hybridoma cell supernatant) in Mobicols (Mobitec). After three wash
steps with buﬀer B and one wash step with buﬀer B lacking detergent,
the bound proteins were eluted with HU-buﬀer containing 15%
b-mercaptoethanol. Each sample was split into two fractions and then
analyzed by SDS–PAGE and Western blotting.Fig. 1. The extreme C-terminus of Ist2 is required for forward
transport. (A) Schematic overview of the Ist2 sequence. The positions
of the TMDs are shown in grey. Constructs encoding full length GFP-
Ist2 and the indicatedGFP-Ist2 variants with N-terminal truncations of
the C-terminal domain of Ist2 (GFP-Ist2 1–591 + 895–946 and GFP-
Ist2 1–591 + 878–946) were integrated into the LEU2 gene of ist2D cells
and GFP ﬂuorescence from cells grown in YEAP and 2% glucose at
30 Cwas visualized. The expression of the constructs is under control of
the IST2 UTRs. (B) Localization of GAL1-induced YFP-Ist2 and C-
terminally truncated YFP-Ist2 1–928 in sec23-1 at 25 C and 37 C,
respectively, with coexpression of Hxt1-CFP. The YFP-Ist2 constructs
contain the IST2 3 0UTR. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)3. Results and discussion
In order to identify those signals in the C-terminal domain
of Ist2, that are required for the transport to the plasma mem-
brane, we analyzed the localization of truncated variants of N-
terminally GFP-tagged Ist2 in ist2D cells. Previous work had
revealed, that a deletion of the entire C-terminal domain
resulted in an accumulation of the truncated protein at the
perinuclear ER, whereas full length GFP-Ist2 localized in a
patch-like pattern at the plasma membrane [8]. We generated
N-terminal truncations of the C-terminal domain of Ist2.
The resulting proteins still contain all eight TMDs. GFP-Ist2
1–591 with residues 895–946 accumulated at the perinuclear
ER and the cell periphery, whereas GFP-Ist2 1–591 with resi-
dues 878–946 localized only to the cell periphery (Fig. 1A),
suggesting that the signals for forward transport of Ist2 are lo-
cated within the last 69 residues. Next, we deleted 18 residues
of the C-terminus of YFP-tagged Ist2 and localized GAL1 in-
duced protein in sec23-1 cells at 37 C. The expression in this
temperature-sensitive mutant allows the localization of pro-
teins under conditions where the formation of COPII vesicles,
and thereby the forward transport via the Sec-pathway, is
blocked. At 37 C, sec23-1 mutants also display a proliferation
of ER-like structures with morphological alterations of the
cortical ER [11]. These alterations help to distinguish between
localization of Ist2 at the cortical ER and the plasma mem-
brane. To visualize the block of the Sec-pathway, we coexpres-
sed a CFP-tagged hexose transporter (Hxt1-CFP), which
under normal conditions reaches the plasma membrane by
transport via the classical Sec-pathway. At 37 C, YFP-Ist2
localized to the cell periphery, whereas YFP-Ist2 1–928 mostly
colocalized with Hxt1-CFP trapped at ER structures (Fig. 1B),
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transport to the plasma membrane.
In order to test whether Ist2 878–946 and shorter fragments
of the C-terminal domain are suﬃcient for Sec-independent
transport to the plasma membrane, we fused them to the C-ter-
minus of the Kex2 protein. The furin protease Kex2 is a type I,
late-Golgi- and endosome-located membrane protein with one
TMD and a 109 aa C-terminal tail [12], to which we added a C-
terminally located GFP. At 25 C, Kex2-GFP localized to
intracellular dot-like structures (Fig. 2, panel A), whereas at
37 C, it accumulated at the ER, where it colocalized with
Hxt1-RFP (Fig. 2, panel F). This indicates that the block of
COPII vesicle formation trapped Kex2-GFP at the ER. Ist2
878–946 directed Kex2-GFP eﬃciently to the cell periphery
(Fig. 2, panels G and J), whereas the last 19 residues of Ist2
(Ist2 928–946) conferred only weak plasma membrane target-
ing activity (Fig. 2, panels M and P). At 25 C, some Kex2-
GFP + Ist2 928–946 localized at intracellular dots, probably
to late-Golgi or endosomes, which were not seen for Kex2-
GFP Ist2 878–946. In addition, some Kex2-GFP + Ist2 928–
946 was seen at the cell periphery (Fig. 2, panels M and G).
At 37 C, all intracellular dots disappeared, and most Kex2-
GFP + Ist2 928–946 was trapped at the proliferated ER with
some additional signal at the cell periphery (Fig. 2, panel P).
In some cases, this peripheral signal accumulated at regions
with low Hxt1-RFP signals, which was trapped at the ER. This
suggests that the peripheral GFP staining corresponds to
Kex2-GFP + Ist2 928–946 at the plasma membrane. Similar
results with eﬃcient plasma membrane sorting activity of
Ist2 878–946 and weak activity of Ist2 928–946 were seen also
with another reporter protein, Sys1 (data not shown). Sys1 is a
cis-Golgi located protein with four TMDs and a 53 aa long,
cytosolic exposed, C-terminal tail [13].Fig. 2. The last 69 residues of Ist2 are suﬃcient for eﬃcient sorting to the
GFP + Ist2 878–946 and Kex2-GFP + Ist2 928–946 with the IST2 3 0UTR in s
RFP.Mapping of the She2-binding site in IST2 mRNA had
revealed that She2 recognizes a stem–loop sequence, which is
located at the nucleotides encoding Ist2 905–925 [14]. Experi-
ments with localized ASH1 mRNA had shown that similar
stem–loops, in addition to transporting the mRNA, also limit
the expression of Ash1 to daughter cells [15]. The authors sug-
gested that these mRNA structures cause translational repres-
sion during the transport of the mRNA. A similar mechanism,
based on the local control of translation at speciﬁc ER do-
mains, could be the ﬁrst targeting step in the traﬃcking of
Ist2. In order to test this hypothesis, we asked whether speciﬁc
features of the IST2 mRNA encoding residues 878–946 are
required for Sec-independent transport. We mutagenized 87
out of 207 nucleotides. According to the mfold prediction
[16], these mutations change the stem–loop RNA structure
of IST2 nucleotides 2716–2777 dramatically. Importantly, they
do not interfere with the aa sequence. To exclude redundancy
with putative RNA signals in the 3 0UTR, we introduced these
mutations in the Kex2-GFP + Ist2 878–946 chimera contain-
ing the NUF2 3 0UTR. NUF2 encodes a component of the spin-
dle pole body, the yeast centromere, and there is no indication
that the corresponding mRNA is localized [4]. The changes in
the IST2 nucleotide sequence had no eﬀect on the expression
levels as judged by Western blotting (Fig. 3C) and they did
not inﬂuence the eﬃcient transport of Kex2-GFP + Ist2 878–
946 to the cell periphery (Fig. 3A and B).
In order to test whether She-mediated transport of IST2
mRNA is involved in Sec-independent transport of Ist2 to
the plasma membrane, we induced the expression of YFP-
Ist2 in sec23-1/she2D double mutants. At 37 C, YFP-Ist2
reached the plasma membrane of mother and daughter cells
without any colocalization with trapped Hxt1-CFP
(Fig. 3D), indicating that She-mediated mRNA transport isplasma membrane. Localization of GAL1-induced Kex2-GFP, Kex2-
ec23-1 cells at 25 C and 37 C, respectively, with coexpression of Hxt1-
Fig. 3. mRNA signals are not required for transport to the plasma membrane. (A) Localization of GAL1-induced Kex2-GFP + Ist2 878-946 with
NUF2 3 0UTR in sec23-1 cells at 37 C with coexpression of Hxt1-RFP. Changed mRNA indicates that 87 nucleotide changes in the coding region of
Ist2 878–946 were introduced without changing the aa sequence. (B) Classiﬁcation of the localizations of the indicated Kex2-GFP chimeras in sec23-1
cells at 37 C. The proportion of cells with GFP signal only at the cell periphery are shown in dark green (PM), the proportion of cells with the
majority of the signal at the periphery with some additional signal at the ER or at dot-like intracellular structures in light green (PM > ER), the
proportion of cells with equal signal at the periphery and intracellular structures in yellow (PM = ER), the proportion of cells with more intracellular
signal but some signal at the periphery in orange (PM < ER), and the proportion of cells with only intracellular signal in red (ER). (C) Western blot
of total extract from 0.2 OD600 sec23-1 cells grown for 120 min in 2% galactose at 25 C or 37 C expressing the indicated Kex2-GFP chimeras. (D)
Localization of GAL1-induced YFP-Ist2 with IST2 3 0UTR in sec23-1/she2D mutant at 37 C with coexpression of Hxt1-CFP. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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brane. Although the amount of YFP-Ist2 in small daughter
cells was reduced, the deletion of SHE2 did not abolish daugh-
ter cell expression completely, suggesting that some Ist2
reaches the daughter cell without mRNA transport.
Taken together, these results clearly indicate that neither the
IST2 UTRs, nor local translation or the She-mediated mRNA
transport are required for Sec-independent traﬃcking of Ist2
from cortical ER to the plasma membrane. But why do yeast
cells transport IST2 mRNA into the bud? One could argue
that this mRNA transport guaranties a certain level of Ist2
expression in daughter cells. This might be of importance since
Ist2 is not incorporated into classical vesicles, which are trans-
ported into the growing bud [7].
Instead of mRNA mediated targeting, the last 69 residues of
Ist2 confer eﬃcient sorting to the plasma membrane. These re-
sults support a posttranslational sorting mechanism for Ist2.
We suggest that such mechanism depends on the accumulation
of Ist2 at ER sub-domains (specialized ER exit sites), which
are capable of Sec-independent forward transport to the plas-
ma membrane. Ist2, translated from non-localized IST2
mRNA, must have the opportunity to reach these exit sites
by lateral diﬀusion. Transport to the plasma membrane could
occur at ER plasma membrane junctions, which form a net-
work of ER in juxtaposition of less than 30 nm of the plasmamembrane with more than a thousand of these junctions per
yeast cell [17]. These contact sites are characterized by a spe-
ciﬁc lipid composition [17] and these lipids could play a role
in the organization of micro-domains that are involved in
the transport to the plasma membrane.
A comparison of the localizations of the Kex2 chimeras at
37 C revealed, that Ist2 878–946 targeted the majority of the
reporter in all cells to the periphery (Fig. 3B, PM and
PM > ER), whereas a fusion with Ist2 928–946 showed a dis-
tribution with the majority of the reporter at the periphery
in only 22% of the cells. This observation raised the question,
which properties of Ist2 878–928 lead to eﬃcient sorting. We
hypothesized that a high local concentration of Ist2 at the pos-
tulated ER exit sites – via multimerization of the protein – pro-
motes transport to the plasma membrane.
In order to test whether Ist2 multimerizes, we precipitated
myc-tagged Ist2 from a strain that also expresses HA-tagged
Ist2. The coprecipitation of HA-Ist2 together with myc-Ist2
indicated di- or multimerization (Fig. 4A). Next, we tested
whether Ist2 878–927 drives the multimerization of Ist2 and
whether this multimerization stimulates the transport activity
of Ist2 928–946. Therefore, we replaced aa residues 878–
927 in Kex2-GFP Ist2 878–946 by the tetramerization domain
of the Gcn4 leucine zipper variant of pLI [18]. In sec23-1 cells,
at 25 C, Kex2-cc-GFP (-cc- denotes the coiled-coil forming
Fig. 4. A multimerization domain replaces the function of Ist2 878–927. (A) Immunoprecipitation of myc-Ist2 in ist2D strains, expressing either HA-
Ist2 or HA-Ist2 + myc-Ist2. Precipitates were split in two fractions and analyzed by Western blotting with either anti-HA- or anti-myc antibodies. As
a control 10 OD600 unbound solubilized yeast membranes were analyzed with anti-HA antibodies. (B) Localization of GAL1 induced Kex2 fused to
the tetramerization domain of a leucine zipper and GFP (Kex2-cc-GFP) in sec23-1 cells with the IST2 3 0UTR at 25 C and 37 C. Ist2 878–946 or
Ist2 928–946 was added to the C-terminus of Kex2-cc-GFP.
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it was trapped at structures resembling the proliferated ER
(Fig. 4B). The addition of Ist2 928–946 to Kex2-cc-GFP led
to localization at the cell periphery, suggesting, that the activ-
ity of the tetramerization domain of the pLI leucine zipper
promotes eﬃcient sorting.
In summary, we have established a posttranslational mecha-
nism for the Sec-independent transport of Ist2 from the yeast
ER to the plasma membrane. This sorting operates after –
and independently of – the IST2 mRNA transport. A modular
peptide-sorting signal, comprising the last 69 residues, confers
Sec-independent transport from the ER to the plasma mem-
brane. A part of this signal, Ist2 878–927, can be functionally
replaced by a multimerization domain, which enhances the eﬃ-
cient sorting of Ist2 to the plasma membrane.
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